Industrial PERL-Type Si Solar Cells With Efficiencies Exceeding 19.5%
I. INTRODUCTION L ABORATORY scale passivated emitter, rear locally diffused solar cells (PERL) still hold the 25% world efficiency record on monocrystalline silicon when using a single junction [1] - [3] . However, almost 15 years after its first realization, the industrial production of this cell architecture remains challenging. One reason that hampers the widespread industrialization of PERL technology is the immediate cost issue that arises from an increased number of processing steps and from novel type of equipment (for example, tools for atomic layer deposition of passivating layers and lasers to open the rear contacts) compared with the mainstream full Al-back surface field (BSF) architecture. This sets severe requirements both for the minimum efficiency PERL cells should have in order to be an economical viable alternative to full Al-BSF cells and on the stability, throughput, and controllability of the new equipment/processes required for PERL cell manufacturing.
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shown efficiencies above 19% on PERL cells. These results were obtained, while keeping a standard design on the front side (homogeneous emitter-75 Ω/sq-SiN x ARC-screen-printed contacts) and using only thin dielectric layers on the rear (∼100 nm AlO x /SiN x stack). Moreover, neither expensive cleaning steps nor forming gas treatment to anneal laser damage and recover high V oc values as reported for instance in [5] were used. We report here on the further industrialization of our PERLtype Si solar cells. In particular, we will explore possible paths toward higher efficiency by fine tuning the wafer resistivity and the thickness of Al paste, by screening the local BSF paste most suitable for our ELA metallization scheme and by optimizing the emitter diffusion/oxidation processes. Finally, by benchmarking our optimized PERL process against that of a standard full Al-BSF process, we demonstrate the capability for a cost-effective industrial PERL-type architecture to achieve top efficiencies of 19.7%, an average efficiency of 19.5%, and an efficiency increase of about 1% abs. with respect to Al-BSF cells.
II. EXPERIMENTAL DETAILS
PERL cells were fabricated on 156 mm × 156 mm, 200-μm-thick, p-type Cz monocrystalline silicon wafers with resistivity in the 1.5-2.2 Ω·cm range, following an industrial process flow: alkaline texturing, single-side polishing, homogeneous emitter (65-77 Ω/sq), and wet-chemical single-side etching of the rear to completely remove the P-doped region. After emitter diffusion and rear-side wet-chemical etching, a thin thermal dry oxide layer was grown in a classical tube furnace, immediately followed by Al 2 O 3 and SiN x depositions on the rear and SiN x ARC deposition on the front. High-throughput deposition tools are used for this purpose: Levitech's Levitrack spatial ALD for the Al 2 O 3 (thickness is 6 nm) [6] and Roth & Rau SiNa PECVD for SiN x (thickness in the 90-180 nm range). After Al 2 O 3 deposition, a short postdeposition annealing treatment (5 min at 400
• C) was carried out to suppress blistering of the passivation stack. Screen printing was then used for both, front and rear metallizations (commercial Ag and Al pastes), followed by a standard co-firing step in an IR belt furnace. Rear side metallization was completed using a disk laser (λ = 1032 nm) to carry out the special laser processing sequence (ELA) that is described in [4] . The pitch of the rear side local contacts varied from 0.4 to 0.66 mm, which depends on the wafer resistivity. Cells were finally characterized using photo/electroluminescence, scanning electron microscopy, energy dispersive spectroscopy analysis, and quantum efficiency measurements using commercially available systems. The electrical performance was measured using stabilized reference 2156-3381/$31.00 © 2012 IEEE • C). Electrical data are reported using box plots that are constructed using the quartile method [7] . Except when explicitly stated, electrical data refer to solar cells that are measured directly after processing [no light induced degradation (LID)].
III. RESULTS

A. Effect of the Wafer Resistivity
In general, the open-circuit voltage V oc increases by increasing the built-in potential and the minority carrier diffusion length [8] . Both parameters are influenced by the wafer resistivity, but in the opposite direction: while a lower wafer resistivity increases the built-in potential (a beneficial effect for V oc ), it also decreases the carrier diffusion length (a negative effect for V oc ).
A fine tuning of the wafer resistivity to achieve the best tradeoff is, therefore, required for high-efficiency Si solar cells. An example of this optimization is illustrated in Fig. 1 . The figure shows the V oc values that are obtained using wafers from the same stock but with 2.2 or 1.5 Ω·cm resistivity. While keeping all other process conditions the same, the reduction of the wafer resistivity causes V oc to increase by 4.2 mV. The lower wafer resistivity also allows a further optimization of the rear contact pitch to achieve the best tradeoff between low series resistance (series resistance decreases by decreasing the pitch) and high V oc values (V oc increases by increasing the pitch). This results in a higher FF. In Fig. 2 , the FF for the optimum pitch in the case of 2.2 Ω·cm (0.4 mm) is compared with the FF values that are obtained on the 1.5 Ω·cm substrates for pitches ranging from 0.4 to 0.66 mm. For the 1.5 Ω·cm resistivity, the maximum FF, which is obtained for a pitch of 0.5 mm, is about 79%, i.e., 0.9% higher than the maximum value that is obtained in the case of the 2.2 Ω·cm resistivity. One disadvantage of the lower resistivity is that the higher boron concentration will enhance the LID of the cell [9] , [10] . However, it has been reported in the literature that a lowtemperature anneal of LID-degraded cells can force the active boron-oxygen complexes responsible for the lifetime reduction to enter in a regenerated (or inactive) state in which their impact on lifetime is negligible [11] , [12] . For industrial solar-cell production, the achievement of this state in short time would allow to exploit the benefits of low-resistivity wafers without paying the price of an increased LID. 1 In Fig. 3 , the efficiency loss versus the exposure time for cells that are fabricated on 1.5 Ω·cm wafers and exposed to 1 sun illumination at temperatures of 140
• C, 160
• C, or 170
• C is reported. The same trend is observed for all temperatures. There is first a fast degradation of the cell efficiency due to the formation of the active recombination centers that is triggered by illumination. This degradation is then followed by a recovery of the cell efficiency that is caused by the formation of regenerated inactive complexes enhanced by the annealing. The efficiency drop is smaller and the recovery is faster for higher temperatures. For example, at 140
• C, the drop, the recovery time, and the efficiency loss at saturation are 0.7%, 150 min, and 0. 2%, respectively, whereas they are only 0.2% 30 min and ≈ 0% at 170
• C. An additional LID degradation for four days at room temperature resulted in an efficiency loss substantially smaller then that observed during the degradation phase (open symbols in Fig. 3) , thus demonstrating the capability of an anneal at 170
• C to achieve a LID resistant state in only 30 min.
B. Effect of Rear-Side Al Paste Thickness and Quality
The quality of the local BSF that is formed around the rear contact is of paramount importance for PERL-type solar cells. An insufficient local BSF would in fact cause increased recombination and parasitic shunting at the rear contacts for SiNxpassivated surfaces [13] . To form a good BSF, it is necessary that the Si atoms that are dissolved into the Al-Si alloy during firing ramp up are able to return back and recrystallize epitaxially on the Si substrate during cool down [14] , [15] . The transport dynamics are more complex in the case of local rear contact than for full Al-BSF solar cells. In fact, during rear contact firing temperature ramp up Si atoms are taken up in the melt and transported far away from the location of the original laser openings in the dielectric layer stack [16] , [17] . During cool down, the dissolved Si atoms will have to travel back into the local openings to be able to recrystallize. On average, they will have to travel longer distances in order to form the local back surface field in PERL-type compared with full BSF solar cells. This might enhance the probability of poor (too thin or too inhomogeneous) local BSF formation. In this paper, we optimize the dynamic of local BSF formation by 1) reducing the volume available for Si dissolution by printing the Al paste thinner and 2) screening different local BSF pastes to select the most appropriate for the ELA metallization scheme. Fig. 4 shows the open-circuit voltage values of PERL-type solar cells that are fabricated using two different pastes and a "thick" (6.32 × 10 −3 g/cm 2 lay-down) or a "thin" (3.37× 10 −3 g/cm 2 lay-down) rear side printing. For both pastes, V oc increases by ≈ 7-8 mV if the rear-side Al paste is printed thinner, thus demonstrating that a thinner printing, in addition to the obvious cost advantage, has the potential to deliver an efficiency gain as well. In addition to the thickness, the composition of the paste is also important for the quality of the back surface field at local contacts. It is known, for example, that the use of Si-containing pastes limits the Si dissolution. This will improve the local BSF, at the expense, however, of a decreased conductivity and internal reflectance [18] . Fig. 5 and Table I compare the electrical parameters for PERL-type cells that are fabricated using three different local-BSF pastes. For all three pastes, the lay-down was 3.37 × 10 −3 g/cm 2 . From the data in the figure, it is clear that the best choice for our ELA process would be paste B, which provides both the highest V oc [see Fig. 5(a) ] and the . It is interesting to note that paste C performs equally well as paste B with respect to local BSF formation (both achieve a similar V oc ), but it is significantly worse in terms of internal reflection (see Fig. 6 ) and, therefore, in terms of short circuit current [see Fig. 5(b) ].
C. Optimization of Emitter Diffusion/Oxidation
In our PERL-type process flow, a dry oxidation is performed after the wet edge isolation step to increase the stability of Al 2 O 3 -based passivation. However, the cell current decreases if the oxide at the front surface is grown too thick [16] . A tradeoff between oxide thickness and good rear side passivation can improve the cell efficiency without jeopardizing the manufacturability of the PERL process. Aiming at this optimization, we have compared two different emitter diffusions in conjunction with three different oxidation conditions. In the first diffusion process (Diffusion A) both POCl 3 deposition and drive-in are carried out at 830
• C (9 and 15 min, respectively). In the second diffusion process (Diffusion B), a short oxidation was performed prior to the POCl 3 deposition, both processes being carried out at a lower temperature (780 • C). After POCl 3 deposition, a short drive-in at 825
• C was then performed. The purpose of the lower drive-in temperature and of the thin oxide layer before the POCl 3 deposition is twofold: 1) improving the uniformity of the emitter sheet resistance and 2) decreasing the phosphorus surface concentration, therefore achieving a better control over the emitter dead layer [19] . After emitter formation, an oxide layer was finally grown using three different recipes: a 60-min-long dry oxidation at 800
• C, a shorter (15 min) dry oxidation at the same temperature, and a "ramp up" oxidation oxidation, the oxide thicknesses on the front and the rear were ≈18 nm and ≈8 nm, respectively.
The short-wavelength internal quantum efficiency curves in Fig. 7 show an improved IQE for the optimized diffusion B, independently from the oxidation treatment. This is in agreement with the higher sheet resistance of emitter B compared with emitter A. The impact of the optimized emitter and of the different oxidation treatments on J sc and V oc of PERL-type cells is reported in Fig. 8 . Data in Fig. 8(a) demonstrate that J sc increases (from 37.9 to 38.05 mA/cm 2 ) when the front oxide thickness is reduced from 18 nm (60 min oxidation) to 12.5 nm (15 min oxidation). A further increase is then observed for cells with the optimized emitter B. Unlike J sc , V oc decreases by ≈ 3.5 mV when oxidation time is shortened from 60 to 15 min [see Fig. 8(b) ]. However, as also shown in Fig. 8(b) , this reduction is fully compensated by optimizing the emitter formation process, i.e., by replacing Diffusion A with Diffusion B. In conclusion, a careful optimization of the emitter formation process (diffusion + oxidation) allows the achievement of a very good tradeoff between the cell current and the quality of the rear-side passivation.
D. Benchmarking With Full Al-BSF Cells
The process optimizations that are discussed in the previous sections (optimized rear contact pitch for lower resistivity wafers, thin Al printing, best local-BSF paste, improved emitter, and oxidation processes) have been integrated in our reference PERL-type process flow. Large batch experiments (about 100 cells per batch) have then been used to verify the capability of the optimized PERL process and to benchmark it against our standard full Al-BSF flow. than the efficiency that is obtained on full Al-BSF cells. Moreover, and this is very important for large-scale manufacturing, the spread of the cumulative distribution of PERL and BSF cells are similar, which demonstrate a good control of the extra process steps that is required to manufacture the PERL-type cells.
IV. CONCLUSIONS
In this paper, we have described the path toward efficient industrial PERL-type monocrystalline silicon solar cells. In particular, we have studied the impact on the electrical performance of a) the wafer resistivity, b) the thickness and quality of local BSF pastes, c) the emitter diffusion and oxidation processes, and d) the thickness of rear-side nitride layer. These studies allowed us to define an optimized, industrial PERL-type process flow capable of producing cells with a top efficiency of 19.7%, an average efficiency of 19.5%, and an efficiency increase of about 1% abs. with respect to our reference full Al-BSF monocrystalline cells.
We have also demonstrated that by increasing the cell temperature while, at the same time, exposing the finished cells to 1 sun illumination it is possible to bring the solar cells within a short period of time to a state that is no more significantly affected by LID. In particular, we showed that at a cell temperature of 170
• C and 1 sun illumination, the cell can reach the regenerated state in only 30 min.
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